. This activity PHOR1 (photoperiod-responsive 1), which shows has been proposed to negatively regulate GA signalupregulated expression in induced leaves (SD). son and Prat, 1996).
(SDϩNB) conditions. We describe the cloning and char-(accession number for this sequence is AJ306423). A stop codon is found 3 triplets upstream of the first ATG, acterization of PHOR1, a cDNA that encodes a novel which indicates that the PHOR1 cDNA corresponds to armadillo repeat-containing protein. Transgenic antia full-length copy of the mRNA. PHOR1 encodes a 418-sense plants with reduced levels of PHOR1 show a pheamino acid protein with a molecular mass of 46 kDa. notype characteristic of plants with an altered response Southern blots of HindIII or EcoRI digested potato to gibberellins. These lines exhibit reduced stem length, genomic DNA hybridized with the PHOR1 insert revealed and in SD tuberize earlier than controls, showing a rea low complexity pattern of hybridization (see Figure  duced responsiveness to applied GAs. Subcellular local-1B). This is indicative of a low copy number gene family ization analysis using a translational fusion of PHOR1 consisting of 2 to 3 genes in S. demissum and S. tuberoto GFP showed a translocation of the protein to the sum ssp. andigena (an EcoRI site is present in the nucleus in a process that is enhanced by treatment with PHOR1 insert). exogenous GAs and blocked by treatment with the GAbiosynthesis inhibitor ancymidol. These results are con-PHOR1 Is Expressed in Leaves, Stem, Stolons, sistent with a role of PHOR1 in GA signal transduction.
Roots and Flowers RNA blot analyses showed that PHOR1 is expressed in Results all tissues we have studied. In nontuberizing plants, levels of transcript are relatively low in leaves and stems, PHOR1 Expression Is Upregulated in SD moderate in stolons, and higher in roots ( Figure 1C ).
Induced Leaves
Low levels of transcripts are also detected in tubers and We have used RT-PCR differential display to compare mature fruit (data not shown). Levels of PHOR1 mRNA the patterns of expression of the leaves from S. demiswere greater in all organs of tuberizing plants, with exsum plants grown under SD (inductive) or SDϩNB (nonception of the roots ( Figure 1C ). Levels of expression inductive) conditions. RT-PCR reactions using different in leaves, stem, and to a lesser degree stolons, were primer combinations yielded various cDNA fragments affected by the time of day in which the samples were which were more abundant in RNA displays from the harvested ( Figure 1C ). Relatively high levels of PHOR1 SD leaves. One of these cDNAs (C88) was amplified with mRNA were detected in the leaves within the first hour primers TTGC (5Ј-(T) 12 GC-3Ј) and LDD10 (5Ј-GCCAT of the day, but only background levels were detected TATGC-3Ј) and hybridized to a transcript of 1.5 kb that in samples harvested at the end of the light period. This is expressed more abundantly in leaves from SD plants result indicates that PHOR1 expression in these organs ( Figure 1A) . is strongly dependent on light. Screening a cDNA library from S. demissum plants with the C88 probe yielded clone PHOR1 (for photope- (C) Stereo view of PHOR1 repeat 6 showing highly conserved hydrophobic residues involved in packing interaction of helix 2 and helix 3. The stereo model was generated using the MOLSCRIPT program (Kraulis, 1991) . Substitution of residues in ␤-catenin repeat 7, by the residues present in the homologous repeat of PHOR1 (repeat 6), preserves helix 2-helix 3 interactions. expression in plants entrained to SD and SDϩNB photomadillo and its vertebrate homolog ␤-catenin (Peifer and Wieschaus, 1990). A sequence match was also detected period conditions. Consistent with the aforementioned results, we observed a peak of PHOR1 mRNA accumulawith the tandem arm repeats in the central domain of the receptor proteins ␣-karyopherins or ␣-importins intion immediately after the transition to light, in both SD and SDϩNB plants (see Figure 1D) . In plants grown volved in nuclear import of NLS cargo proteins (Gö rlich et al., 1994). The arm repeat domains in these proteins under SD, a second peak of expression was also observed after dusk ( Figure 1D ). This second peak of exconsist of 8-12 tandemly repeated copies of a 38-45 residue motif known as the armadillo (arm) motif (Huber pression was not detected in plants entrained to SDϩNB conditions, in which we only detected the dawn peak et al., 1997). An alignment of the arm repeats in PHOR1 with ␤-catof mRNA accumulation and a slight upregulation after NB. PHOR1 mRNA expression thus oscillates with a enin repeats 2 to 8 is shown in Figure 2 . Significant variability in sequence is observed among individual diurnal rhythm characterized by different peaks of expression in SD or SDϩNB conditions. motifs (the average match for pairwise comparisons is 30%), but the chemical nature of the residues within each motif is generally conserved (see Figure 2B ). Sec-PHOR1 Encodes a Protein with Similarity to the Drosophila armadillo Segment Polarity Protein ondary structure studies, in which the ␤-catenin residues in repeat 6 were replaced by the corresponding Database searches with the PHOR1 deduced amino acid sequence revealed that the C-terminal region of residues in PHOR1 repeat 5, showed that interactions between helix 2 and helix 3 in the repeat are not disthe protein shares 30% identity with the arm repeat domains of the Drosophila segment polarity protein arturbed by these substitutions (see Figure 2C ). This sug- This result demonstrates that the PHOR1 lines are less GA synthesis inhibitor paclobutrazol, as application of a 10 Ϫ7 M solution of the inhibitor did not have an effect sensitive to exogenous GA applications than wild-type plants, suggesting that these plants might be altered in on internode elongation on the overexpresser lines, but resulted in a reduction in stem growth in the wild-type their response to GAs.
Levels of PHOR1 Expression in Leaves
Quantitative analysis of endogenous GAs showed incontrols and the antisense transformants ( Figure 5C ). Internode growth inhibition was more severe in the anticreased levels of GA 29 , GA 20, and GA 8 in the antisense lines, with a 4-to 6-fold increase in GA 20 detected in sense lines than in the controls, thus evidencing a higher sensitivity to paclobutrazol in these plants. These results these plants (see Figure 5B ).
To further investigate the possible function of PHOR1 demonstrate a good correlation between levels of accumulation of the PHOR1 protein and response to GAs, in GA signaling, we obtained transgenic lines that overexpressed this cDNA under control of the 2x35S CaMV corroborating a possible function of PHOR1 in GA signaling. promoter. Several transgenic lines were generated which accumulated high levels of the PHOR1 transcript (lines 8S, Figure 5D ). These lines had longer internodes Feedback Regulation of GA Biosynthesis Is Altered in the PHOR1 Transformants than the controls and exhibited an increased response to limiting amounts of applied GAs. As shown in Figure  Genes to 395, encompassing the arm repeat domain, whereas in the second construct, the CPI domain (residues 17 to 89) was deleted. Deletion of the CPI domain resulted 1997). We have investigated whether GA homeostasis is also altered in the PHOR1 antisense lines, by analyzing in a nuclear localization of the arm-GFP fusion both in ancymidol and GA 3 -treated cells. In contrast, a GAaccumulation of the GA 20-oxidase and GA 2-oxidase transcripts. As shown in Figure 6A , levels of StGA20ox1 regulated nuclear distribution was retained by the CPI-GFP fusion (see Figure 7A ). Because the CPI domain in mRNA were higher in lines 8A-3 and 8A-4, whereas levels of StGA2ox mRNA were reduced in these plants. Deterthe CPI-GFP construct consists only of 196 residues, it is possible that nuclear migration of the CPI-GFP fusion mination of GA levels showed that GA content is increased in these lines, which demonstrates that they occurs by passive diffusion. To investigate this possibility, we fused this domain to a GFP-GUS reporter conare altered in feedback regulation of the GA biosynthetic genes. These results are consistent with a general funcstruct. CPI-GFPGUS fluorescence was detected in the cytoplasm, both in ancymidol and GA 3 treatments (Fig-(data not shown) . GA 3 treatment induced a rapid migration of the fusion protein into the nucleus, with maximal ure 7A), indicating that a signal responsible for nuclear localization of the PHOR1 protein is not present in the import detected at 4 hr after GA 3 treatment. Confocal microscopy was used to confirm nuclear localization of CPI domain. These results are consistent with a putative function for the armadillo repeat in targeting the PHOR1 the protein ( Figure 7B ). Subsequent analysis of GFP fluorescence at later time points demonstrated that miprotein to the nucleus, whereas CPI would mediate cytoplasmic retention of the protein in a GA-dependent gration of PHOR1-GFP into the nucleus was transitory, with the fluorescence detected again in the cytoplasm manner.
To investigate the kinetics of nuclear migration, BY2 12 to 24 hr after GA 3 application. Immunoblot analysis verified that the fusion protein suspension cultures were stably transformed with the PHOR1-GFP construct. Stably transformed cells showed was intact after these different treatments (see Figure  7C) . We also confirmed the response of the tobacco a nuclear and cytoplasmic distribution of the fusion protein identical to that previously seen in transient assays BY2 cells to GAs, by analyzing feedforward regulated expression of the GA 2-oxidase gene. RNA blots probed sis that PHOR1 has a function as signaling intermediate in the GA response pathway. In agreement with this with a tobacco GA 2-oxidase cDNA fragment (kindly provided by Dr. Isabel Ló pez-Díaz) showed greater levhypothesis, the antisense plants were affected in several developmental responses regulated by GAs. Expression els of the NtGA2ox mRNA in cells treated with GA 3 , and reduced levels of this transcript in ancymidol-treated of the GA-regulated genes GAST1 and LVA-P1 was reduced in these transformants, which had reduced stem cells (Figure 7D . To address the possibility that PHOR1 encodes grown under tuber-inducing SD conditions. Therefore, a GA signaling component, we attempted to rescue the it is possible that this regulated expression of PHOR1 phenotype of these plants by exogenous GA application. plays a role in the control of tuber induction under SD GAs were able to induce an elongation of the stem in conditions. In fact, there is evidence indicating that tuber the PHOR1 lines, but did not fully recovered their phenoinduction is, at least in part, mediated through changes type. These plants showed a reduced response to GAs, in GA levels and/or GA sensitivity. Our work provides with GA 3 concentrations of 10 Ϫ5 M or greater required evidence that downregulated expression of PHOR1 reto elicit internode growth. PHOR1-overexpressing lines, sults in a reduced response to GAs. Hence, changes in on the other hand, showed an increased response to the levels of accumulation of the PHOR1 protein could GAs and were partly resistant to paclobutrazol treatbe involved in the mechanism that integrates both phoment. These observations rule out a role for PHOR1 in toperiodic and GA signals.
GA biosynthesis and suggest a function of the PHOR1
Inhibition of PHOR1 expression in the antisense lines protein as a component of the GA signal transduction results in early tuberization under SD. This observation pathway.
is difficult to reconcile with the fact that increased levels GA-insensitive mutants such as the Arabidopsis gai of the PHOR1 protein were detected in the leaves of or the maize D8 mutants accumulate bioactive GAs to tuberizing plants. Induction of tuber formation, therehigher levels than wild-type plants (Talon et al., 1990 ; fore, appears to be controlled by a more complex mechFujioka et al., 1988) and show an altered feedback reguanism than a simple upregulated expression of the lation of the GA biosynthetic genes (Peng et al., 1997; PHOR1 protein or a change in GA levels and/or sensitivThomas et al., 1999). Consistent with a function of ity. In line with this observation, antisense plants with PHOR1 as a component of GA signaling, higher levels reduced levels of PHYB formed tubers under LD, but of GAs were found to accumulate in the PHOR1 antiwere taller than wild-type plants (Jackson et al., 1996). sense lines compared to the wild-type controls. InterestTherefore, GA transport from the leaves to the stolons ingly, whereas a 4-to 6-fold increase in GA 20 was demay have an important role in the inductive process. tected in the two independent lines analyzed, the levels of GA 1 were only slightly increased in these plants. This result suggests that the gene encoding GA 3␤-hydroxy-PHOR1 Encodes a Protein with Homology to Drosophila armadillo lase in potato is not under strong negative feedback regulation, and so activity of this enzyme is not inAmino acid sequence analysis revealed that PHOR1 contains a domain with 7 arm repeats with structural creased in the antisense lines. Increases in GA content in the PHOR1 lines are smaller than those reported for homology to the Drosophila segment polarity protein armadillo, and its human homolog ␤-catenin. These prothe GA-insensitive gai or D8 mutants (a 30-fold increase in GA 1 levels was reported for the D8 mutant). This is teins are essential components of the Wnt signaling pathway that is involved in a large variety of developconsistent with the fact that the PHOR1 lines correspond to downregulated mutants, and that low levels of the mental processes, including segment polarization in Drosophila, axis specification in Xenopus, and differenti-PHOR1 protein are still detected in these plants, these lines having a less severe phenotype than a null muation of the colorectal epithelium in humans (for reviews see GAATGCGGCCGCCGCGTGGTGAATAAT-3Ј) were used to obtain 1999). For RNA blots, 30 g total RNA was separated in 1.2% agathe CPI-GFP construct. The CPI-GFPGUS fusion was obtained by rose-formaldehyde gels and transferred onto a nylon membrane.
cloning the NdeI/NheI GFP-GUS fragment from the pCAMBIA1304 Poly A ϩ RNA was isolated using oligo-dT 12-18 magnetic beads (Dynal).
vector (CAMBIA) into the CPI-GFP plasmid. 10 g of EcoRI or HindIII digested genomic DNA was separated in a 0.8% agarose gel and blotted onto nylon membranes for Southern analysis. Hybridization was carried out according to Amasino (1986). (Cooley et al., 1999) , and tobacco GA 2-oxigrams of plasmid was used for transformation, and all target materidase were labeled using a Random primed DNA kit (Boehringer). als were bombarded twice. After bombardment, filters containing the bombarded cells were transferred to NT medium and kept at 28ЊC in the dark for 2-18 hr before analysis. For GA 3 and ancymidol Antisense Construct and Plant Transformation Screening of a S. demissum cDNA library with the C88 DDRT-PCR treatments, 50 M GA 3 or 5 mg/l ancymidol was included in the incubation media. GA 3 and ancymidol solutions were prepared from probe yielded two independent clones, a partial cDNA clone (88.42) and a full-length cDNA insert, that we designated as PHOR1. Clone 100 mM and 5 mg/ml stock solutions in 100% ethanol.
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